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Abstract

Contrast-transfer calculations indicate that C, correction should be highly
beneficial for high-resolution and energy-filtered transmission electron
microscopy. A prototype of an electron optical system capable of correct-
ing spherical and chromatic aberration has been used to verify these cal-
culations. A strong improvement in resolution at an acceleration voltage
of 80 kV has been measured. Our first C.-corrected energy-filtered exper-
iments examining a (LaAlO3)¢3(Sr2AlTa0g)¢7/LaCo05 interface demon-
strated a significant gain for the spatial resolution in elemental maps

of La.

Introduction

One of the most challenging tasks for transmission electron
microscopy (TEM) is the investigation of the atomic struc-
ture and chemistry of nano-scale structures. These proper-
ties are important to expand our understanding of the novel
physical phenomena that are exhibited by nano-scale het-
erostructures. These materials provide an avenue to combine
dissimilar materials with different and often antagonistic or-
der parameters that can lead to qualitatively new behavior.
For example, quantum tunneling across a thin oxide layer
can be controlled by the magnetic state of the material on
either side or by the spin polarization of the interfaces, or
new strongly correlated states can be created at the inter-
face between two different complex oxides. However, ex-
ploring and developing the properties of confined quantum
mechanical systems places ever-increasing demands on ma-
terials and requires atomic-level knowledge of the interfaces
and surfaces in order to predict and control their physical
properties. Likewise, such knowledge is critical to enhance
our fundamental understanding of the origins of the novel
physics and chemistry that are observed at nano-scale inter-
faces. Precise knowledge about the position of each atom as
well as the local chemistry is crucial to answer the questions
mentioned above. This analytical requirement was raised by
Richard Feynman in his famous 1959 lecture, ‘There’s plenty
of room at the bottom’ [1].

The TEAM project (Transmission Electron Aberration-
corrected Microscope) was initiated to address Feynman's
challenge [2—-4]. An important topic for the TEAM project
was also improving the quality of electron optical imaging
for in situ experiments. To achieve this goal, improvement of
the electron optical system as well as improved high-stability
sample stages and high-brightness electron emitters was en-
visioned. The resolution goal of the TEAM project was set
to 0.5 A in the TEM and STEM mode to be able to re-
solve crystal lattices even along high-indexed zone axes and
to achieve single-atom sensitivity. This resolution should
be available using an objective lens with a relatively large
pole-piece gap of ~5 mm to allow tomography and various
in situ experiments. Correction of spherical aberration C;
has been demonstrated for high-resolution TEM (HRTEM)
[5] and promised novel abilities for TEM experiments, and
is therefore part of the instrument concept. Correction of
chromatic aberration (C;) was assumed to be beneficial for
in situ experiments because it would allow for objective
lenses with a large pole-piece gap without compromising
resolution. Development of an electron optical system ca-
pable of C. correction is one of the key components of the
TEAM project. Further benefits of C, correction were ex-
pected for energy-filtered TEM (EFTEM), for imaging thick
samples and for HRTEM at acceleration voltages below
120 kV [6]. The first prototype of an electron optical system
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Fig. 1. Contrast transfer for uncorrected and Cs-corrected TEMs for an electron energy of 300 kV.

with correction of C; and C, has been developed by CEOS
GmbH (Heidelberg, Germany) [7] and was integrated into
an FEI Titan microscope. First experiments with this novel
aberration corrector have been performed and demonstrated
successful correction of C, and several of its benefits for ma-
terial science applications.

Method

To date different instruments have been used for HRTEM
and in situ studies. The major ditference in the electron optics
system of these microscopes is the objective lens. To achieve
optimum spatial resolution, the gap between the pole pieces
of the objective lens has to be very small (2-3 mm) to
minimize spherical and chromatic aberration and allow sub-
Angstrom (sub-A) resolution by phase reconstruction [8],
holography [9] or C; correction. Similar results have been
achieved in the STEM mode [10]. The phase contrast trans-
fer functions (PCTFs) for an uncorrected and a C; corrected
microscope and the damping envelope of temporal coher-
ence of such an instrument are plotted in Fig. 1 and demon-
strate an information limit of 0.7-0.8 A. An acceleration
voltage of 300 kV has been assumed for these calculations.
The lens parameters are ¢; = 0.6 mm, C, = 1.6 mm, semi-
convergence angle = 0.1 mrad, Cs = 4 mm, energy spread
of the electron beam AE = 0.7 eV. The value for chromatic
aberration includes the relativistic correction for 300-keV
electrons [11]. The focus of least confusion for gm.x = 0.75 A
was assumed for the uncorrected state. The damping enve-
lope of temporal coherence was calculated with the same

set of parameters. A C; corrector adds ~0.2 mm to the value
of chromatic aberration, which is taken into account for the
PCTF of the corrected instrument. The value for defocus and
C; was chosen according to Scherzer [12] to balance defocus,
C; and Cs for maximum phase contrast. The C;-corrected
instrument can be operated with homogeneous contrast
transfer up to the information limit while interpretation of
images recorded with the uncorrected microscope requires
extensive calculations, such as phase reconstruction [13].

These small-gap objective lenses enabled sub-A resolution,
but they severely restricted space around the sample and
limited the capabilities of the instrument for methods other
than high-resolution imaging. Tilt angles are limited to about
£20° using a sample with a diameter of 3 mm. Therefore, to-
mographic tilt series are restricted severely as well as many
other experiments necessary for in situ studies. An objective
aperture cannot be placed in the back focal plane, which
hampers diffraction contrast imaging. Space for further ex-
perimental equipment, such as liquid cells, tips for electrical
measurement or magnetic coils, is very limited.

An objective lens with a gap of ~5 mm offers much better
capabilities for a wide range of experiments and was there-
fore chosen for the first instrument of the TEAM project.
The tilt range increases by a factor of 2 for standard sam-
ple holders. Custom-built holders allow a 360° rotation, thus
avoiding the ‘missing wedge’ problem for tomographic ex-
periments. This type of objective lens has already demon-
strated that it can be used for various in situ applications such
as the study of thin-film growth [14] and electrochemical re-
actions in a liquid cell [15].
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Fig. 2. Information limit of a Cs-corrected (black) and a C.-corrected TEM (blue) at 300 kV.

Spatial resolution for this type of objective lens cannot be
improved by C; correction alone as the information limit is
set by the damping envelope of temporal coherence, which
is a function of acceleration voltage and defocus spread d.
For a given acceleration voltage, the damping envelope is
determined by the defocus spread [see Eq. (1)]:

o (o)) oV G (32 ).

where

AI, represents the instabilities of the electrical current of the
magnetic quadrupoles of a C, corrector,

d2 is the proportionality constant between Al, and defocus,

AE, represents instabilities of the voltage of the electric
quadrupoles of a C. corrector,

dg is the proportionality constant between AE, and defocus,
AE is the energy spread of the electron emitter,
AH is the instability of the acceleration voltage and

Al is the instability of the objective lens current.

Equation (1) is an extension of the expression which can be
found in the literature [16]. The first two terms take the in-
stabilities of power and voltage supplies for the multipoles of
the C, corrector into account. The stability of the objective
lens current I and the acceleration voltage H is already close
to 1077 and further improvement does not extend the infor-
mation limit significantly. Chromatic aberration and energy

spread of the emitter are the two parameters in Eq. (1) which
have a strong effect on the information limit. These param-
eters lead to the two concepts which are employed by the
TEAM project for enhancing resolution: C; correction with
electron beam monochromatization and C, and C; correction
(referred to as C. correction in the following). The first con-
cept is based on available technology, and was included as a
fallback solution because of the high risk related to the de-
velopment of a C. corrector. The major risks were the high
complexity of the electron optical system and the high de-
mands on power and voltage supply stability of ~0.01 ppm
[17]. The calculations of temporal coherence displayed in
Fig. 2 demonstrate the advantage of C, correction over C; cor-
rection with respect to spatial resolution. Improving C. from
2.0 mm to 10 pm improves the information limit from 0.8 A
to better than 0.5 A. A PCTF is included in Fig. 2 which
has been calculated under the assumption that the voltage
and power stabilities mentioned above are met. The damp-
ing envelope of temporal coherence takes corrector instabil-
ities [Eq. (1)] and a residual C. of 10 pm into account.
Energy monochromatization and C. correction result in
a similar contrast transfer at 300 kV if an energy width of
0.1 eV can be achieved. Whether this potential of C. correc-
tion can be verified depends on several parameters which
are either difficult to quantity or depend on the environ-
ment of the instrument, such as floor vibrations or further
instabilities in the electron optical or mechanical system.
The fallback solution, C; corrector and a monochromator,
has already demonstrated that an information limit of 0.5 A
can be achieved [18]. Apart from HRTEM at 300 kV,
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Fig. 3. Contrast transfer at 30 kV for a monochromatic (dashed line) and a C,-corrected (solid line) TEM.

C. correction has several advantages as compared to
monochromatization. C, correction does not alter the prop-
erties of the electron beam source. Therefore, the brightness
of the electron source is undiminished and the full beam cur-
rent of a Schottky emitter (~100 nA) can be used, while a
monochromatic system diminishes the beam current signifi-
cantly. Monochromatization improves the energy width AE
by about an order of magnitude while C, can be improved
by three orders of magnitude to a few micrometers. The ad-
vantage in contrast transfer for HRTEM is small at 300 kV,
but increases at lower acceleration voltages as can be seen
in Fig. 3. These PCTFs have been calculated for 30 kV and
show sub-A resolution with a much higher contrast trans-
fer for the C.-corrected system. For experiments where the
energy width of the electron beam is inherently large, such
as EFTEM or observation of thick samples, monochromati-
zation is ineffective but C, correction has a strong impact on
spatial resolution.

Results and discussion

An electron optical system capable of correcting spheri-
cal and chromatic aberration has been developed by CEOS
GmbH for the TEAM project. The design requirements for
this corrector have already been described in detail [7]. The
first prototype is now integrated into an FEI Titan micro-
scope with a Supertwin lens with a C; of 1.2 mm and a C.
of 2.0 mm at 300 kV. The instrument is equipped with a
post-column energy filter (Gatan GIF Tridiem 863). Young's
fringe tests using a thin layer of amorphous tungsten on
amorphous carbon films were used to measure information
limits without aberration correction of 0.9 A at 300 kV and
1.8 A at 80 kV acceleration voltages. C. was measured by

recording two images of the same sample area with the same

objective lens current at two different acceleration voltages.

Then the focus difference induced by the voltage change be-

tween the two images was calculated and C, was determined

according to Eq. (2):

C.= af H.
dH

(2)

A value of 2 £ 1.5 um for C, was measured at 80 kV, and
is an improvement of three orders of magnitude compared
to the C, of 1.4 mm for the uncorrected objective lens at 80
kV. The measurement error is determined by the accuracy of
defocus measurement and high voltage instability. Spherical
and axial aberration parameters were measured from Zemlin
tableaus [19] and were compensated up to third order and
optimized up to fifth order.

An information limit measurement with the Young fringe
method (Fig. 4) shows contrast transfer up to 1.0 A and
is a significant improvement compared to the information
limit of 1.8 A which can be achieved with a Cs-corrected or
an uncorrected microscope. This result is nearly identical to
the information limit of the microscope measured at 300 kV
(0.9 A). Contrast-transfer calculations show that further
progress in resolution can be expected from the C, correc-
tor if the stability of the microscope and the corrector is im-
proved (Fig. 2).

Energy-filtered imaging should benefit strongly from C,
correction as mentioned above. The effective beam energy
width for unfiltered HRTEM, which is used for Eq. (1), is the
FWHM width of the zero-loss beam. This is correct for thin
samples where the majority of the electrons are elastically
scattered. An energy selection aperture with a certain width
is used for recording energy-filtered images and positioned
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Fig. 4. Young fringe test at 80 kV with C, correction. The dashed circle marks 1.0 A.

at a certain energy loss. In this case, AF can be approxi-
mated by the width of the energy selection aperture under
the assumption that the electron energy distribution within
the aperture is homogeneous. The width of the energy se-
lection aperture is usually set to values between 5 and 50 eV
in order to achieve a reasonable signal-to-noise ratio. Fur-
thermore, a high beam convergence is necessary to collect
a sufficient number of electrons. Both parameters, energy
width as well as beam convergence, reduce spatial resolution
significantly. Figure 5 shows calculations of the damping en-
velopes of the PCTF, temporal as well as spherical, for con-
ditions which are suitable for energy-filtered imaging with
the La—M transition at 832 eV: semi-convergence angle s, =
3 mrad, width of the energy selection aperture dE = 50 eV,
acceleration voltage HT = 200 kV.

Standard values for C; (1.2 mm) and C, (1.6 mm) for the
Supertwin lens have been assumed for the uncorrected sys-
tem. C;, C; and Cs have been balanced according to Scherzer
[12] to minimize the influence of the damping envelope of
spherical coherence for the C;-corrected instrument. The val-
ues for the spherical aberration constants C; and Cs for the
C.-corrected case have been measured from Zemlin tableaus

recorded with the C,-corrector prototype at 200 kV to be
9 wm and —3 mm, respectively. Measurement of C, resulted
in 5 wm. We conclude from these calculations that the influ-
ence of C, is much stronger than that of beam convergence
and C; making a C, corrector more efficient than a C; cor-
rector for improving the spatial resolution of energy-filtered
images. Contrast transfer for a C.-corrected system is larger
than 10% up to 1.2 A. The resolution which can be achieved
for elemental mapping is therefore no longer limited by
electron optics, but by the signal-to-noise ratio and sample
drift.

These improved elemental mapping capabilities can be
demonstrated with an elemental map of La calculated from
energy-filtered images recorded at the La—M transition. The
delocalization of this energy-loss process can be calculated to
1.8 A [20,21] and is small enough to allow atomic-scale res-
olution. Figure 6 shows a HRTEM image of a cross-sectional
sample of LaAlO; on LSAT (LaAlO3)¢3(Sr2AlTaOg)o.7. An or-
dered structure caused by O-deficiency can be seen in the
LaCoO; film [22] (arrows in the inset of Fig. 6).

The same area shown in Fig. 6 has been used for C,.-
corrected elemental mapping (see Fig. 7, right-hand side).
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Fig. 5. Damping envelopes of spatial and temporal coherence for parameters suitable for mapping of La using the La—M transition

Fig. 6. HRTEM image of LaAlO3 on LSAT; the inset shows an order structure at a higher magnification.

The left-hand side shows an elemental map of La recorded
from the same sample with an uncorrected Tecnai F20 us-
ing the same experimental parameters (exposure time: 60 s,
~150 electrons/pixel at an energy loss of 860 eV). Figure 8
shows line scans derived from both elemental maps with a

line width of ~1 nm. The apparent interface width mea-
sured from the uncorrected La map is >2 nm while the

C,-corrected measurement gives an interface width of ~4 A
which is equivalent to the distance of La atoms in LaCoOs.
As stated above, the resolution in the C.-corrected elemental
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Fig. 7. Elemental maps of La: (a) uncorrected, (b) C, corrected.
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Fig. 8. Line-scans derived from elemental maps of La across the interface LSAT/LaCoOs.

mabp is limited by the noise and sample drift and we expect
further improvement in resolution by using higher beam
currents and by minimizing the sample drift.

The resolution improvement in energy-filtered images can
be seen without core-shell transitions in the low-loss region
too. The coherence of energy-loss electrons from the plas-
mon peak or from a low-loss EELS transition can enhance
resolution despite using a much larger energy selection aper-
ture. Therefore, we placed the energy selection aperture be-
tween the plasmon peak and the La—N transition (99 eV) to
separate the effect of C, correction from other influences. The
aperture covered the energy range between 45 and 95 eV.
Without aberration correction, the contrast from the 4 A lat-
tice planes is barely visible (Fig. 9a) while with a C.-corrected
instrument (C. = 5 wm, C; = 9 pm, ¢s = —3 mm), a high-
contrast HRTEM image can be recorded showing details in
the perovskite unit cell. The insets in the upper-right corner
of the images show Fourier transformations demonstrating
the gain in resolution and contrast transfer of C, correction.
The influence of C; correction on image quality is negligi-
ble according to the damping envelopes plotted in Fig. 5.
The resolution of the energy-filtered image in Fig. 9b is at
least 3.9 A because the fringes of the (100) and (010) lattice
planes are visible in the image as well as in the Fourier trans-

formation. The (110) lattice planes with 2.7 A are visible in
the image and Fourier components can be recognized up to
(220). However, it cannot be ruled out that these periodici-
ties are simply an artifact of image formation.

Image formation can be regarded as complex because in-
elastic as well as elastic scattering contributes to the observed
contrast. The delocalization of electrons with an energy loss
of 95 eV or less is >1 nm even for a C.-corrected instrument.
Additional elastic scattering of energy-loss electrons can ex-
plain the resolution achieved under the assumption that the
coherence of these electrons is sufficient for phase contrast
imaging. The combination of elastic and inelastic scattering
and non-linear image formation requires further investiga-
tion to explain the image formation seen in Fig. 9. This imag-
ing mode could be very helptul for improving the resolution
attainable for thicker samples where the low-loss region has
a higher intensity than the zero-loss beam, which is the case
for many biological samples.

Concluding remarks

The potential of C, correction for HRTEM and EFTEM has
been described. According to contrast-transfer calculations,
C, correction is especially effective at lower acceleration
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Fig. 9. High-resolution EFTEM in the low energy loss range: (a) uncorrected (b) C, corrected.

voltages as demonstrated with the first prototype of a
C. corrector. The information limit of an uncorrected or a
C;-corrected instrument without a monochromator can be
calculated (and measured) to 1.8 A. The C. corrector im-
proves the information limit to 1.0 A. This is the first time
that an aberration correction system has improved the in-
formation limit in the TEM mode. Our first C.-corrected ex-
periments with a cross-sectional thin-film sample demon-
strate a large enhancement of resolution in elemental maps
derived from energy-filtered images. Chromatic aberration,
and to a lower extent spherical aberration, leads to an ap-
parent width of the LSAT/LaCoO; interface of more than 1
nm as measured from a La elemental map recorded with an
uncorrected microscope. A C.-corrected experiment demon-
strates that the La concentration changes within 0.4 nm at
this interface (at a distance that is equivalent to the distance
between the La planes in LaCoOs). Further experiments in
the low-loss region of the energy-loss spectrum with large
energy selection aperture demonstrate the strong improve-
ment in resolution that can be achieved using C, correction
for all experiments where the energy width of the electron
beam is large. We conclude from this experiment that fur-
ther benetits of C, correction can be expected for investigat-
ing thick samples that are used in biological or in situ TEM
studies.
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